Agriculture has new challenges against the climate change: the preservation of genetic resources and the rapid creation of new varieties better adapted to abiotic stress, specially salinity. In this context, the agronomic performance of 25 durum wheat (Triticum turgidum subsp. durum Desf.) genotypes (nineteen landraces and six improved varieties), cultivated in two semi-arid regions in the center area of Tunisia, were assessed. These sites (Echbika, 2.2 g l À1 ; Barrouta, 4.2 g l À1 ) differ by their degree of salinity of the water irrigation. The results showed that most of the agronomic traits (e.g. spike per meter square, thousand kernels weight and grain yield) were reduced by salinity. Durum wheat landraces, Mahmoudi and Hmira, and improved varieties, Maali and Om Rabia showed the widest adaptability to different quality of irrigation water. Genotypes including Jneh Kotifa and Arbi were estimated as stable genotypes under adverse conditions. Thereafter, salt-tolerant (Hmira and Jneh Khotifa) and the most cultivated highyielding (Karim, Razzak and Khiar) genotypes were tested for their gynogenetic ability to obtain haploids and doubled haploid lines. Genotypes with good induction capacity had not necessarily a good capacity of regeneration of haploid plantlets. In our conditions, Hmira and Khiar exhibited the best gynogenetic ability (3.1% and 2.9% of haploid plantlets, respectively).
Introduction
Tunisia is considered one of the largest consumers of cereal in the world (!280 kg/person/year) [1] . In particular, durum wheat (Triticum turgidum subsp. durum Desf.) is a high value crop and the most cultivated cereal ($60%) [2] . The national production of wheat presents a part of the current demand of this commodity [3] . Crop yield is irregular due to climate fluctuations (e.g. rainfall). Moreover, the poor quality of water irrigation containing dissolved salts and/or rising water tables carrying naturally-deposited salts to the surface is worth noting in semi-arid and arid regions [4] . Salinity reduces wheat production by affecting both growth and yield parameters [5, 6] . Plant height and leaf area are sensitive growth traits to salinity and are considered as valid tools for screening durum wheat germplasm [7, 8] . On the other hand, Saadallah et al. [9] and Asgari et al. [10] reported that salt stress affect grain yield and its components, in particular the number of spike per meter square, the number of kernels per spike and the thousand kernels weight. There is an increasing interest in the selection of stable and high-yielding genotypes to promote the salty water use efficiency in arid and semi-arid regions. Jaradat and Shahid [11] stated that wheat landraces are better adapted than modern cultivars to changing climate conditions. The performance of durum landraces may be attributed to their population genetic structure, buffering capacity, and combination of morpho-physiological traits conferring adaptability to stress environments.
Plant breeders use conventional and biotechnological approaches to obtain homozygous lines of performant genotypes. The traditional method require several cycles of self-pollination, while the haplodiploidization methods (androgenesis, gynogenesis and intergeneric hybridization) are less-time consuming for the development of stable lines in a one-step [12] . This biotechnology is suitable for barley and durum wheat species [13] [14] [15] . Moreover, it offers the possibility to ovoid albino plants (particular form of recalcitrance), the main problem of androgenesis [16] [17] [18] .
In this work, we aimed to (i) assess the performance of local germplasm of durum wheat (landraces and improved genotypes) against salt stress in order to identify salt-tolerant genotypes, and (ii) to regenerate durum wheat doubled haploid lines by gynogenesis.
Materials and methods

Plant material
Twenty five (25) durum wheat genotypes (Triticum turgidum ssp. durum) including six (6) improved varieties and nineteen (19) landraces were evaluated for their salinity tolerance (Table 1) . To obtain doubled haploid (DH) lines by gynogenesis, five (5) genotypes (Karim, Razzak, Khiar, Hmira and Jneh Khotifa) selected from the 25 durum wheat genotypes were used: Hmira was estimated as salt-tolerant genotype and Jneh Khotifa as a stable genotype. Karim, Razzak and Khiar were chosen as the most cultivated and high yielding improved varieties.
Experimental condition to test performance of genotypes to salinity
Experimental design
A field experiment was conducted using 25 durum wheat genotypes during the cropping season 2009-2010 in two semi-arid regions in the center area of Tunisia: Echbika (35°37N, 9°56E) and Barrouta (35°34N, 10°02E). These sites differ by their degree of salinity of the water irrigation with 2.2 and 4.2 g l
À1
, respectively. The experiment was arranged in randomized complete block design with three replications. Each plot was constituted by 10 rows of 1 m long, spaced by 0.20 m. The seeding rate was 300 viable seeds m À2 .
Agronomic parameters
Physiological maturity was achieved around mid-May and harvest was performed about one month later. Flag leaf area (LA, cm 2 ) was measured one week after anthesis with Leaf Area Meter-LI-200 as the means of three independent measurements in three different plants in each plot. Plant height (PLH, cm) of five plants randomly chosen was also measured one week after anthesis as the distance from ground to the spike's tip. Two weeks after anthesis, 1 m was harvested in the two central rows for the determination of total biomass (g m
À2
). Grains were collected using a shredder (Wentersteiger, LD-180, Germany). Number of spike per meter square (NS), number of kernels per spike (NKS), thousand kernels weight (TKW, g) and grain yield (GY, kg ha À1 ) were recorded. 
Donor plants and pretreatment
The choice of the optimal phase of the maturity of ovaries was based on morphological and cytological criteria. The characterization of microspores from the oldest ovaries was established through microscopic examination in aceto-carmine stain. Spikes contained microspores at the late uninucleate or binucleate stage were collected. Consequently, others tillers were collected when they reach a similar stage of morphological development.
Spikes were placed in water and stored in refrigerator at 4°C for 14 days in the dark [14] . This cold pretreatment aims to change the gametophytic to sporophytic pathway and to improve the gynogenetic ability [19] .
Protocol of unpollinated ovary culture
Spikes were surface-sterilized with sodium hypochlorite (12%) for 10 min and washed three times with sterilized water. The ovaries of 1-1.5 mm size were carefully extracted and placed in 5.5 cm diameter Petri dishes (20 ovaries/dish) containing induction medium of Sibi et al. [13] (Table S1 ). A total of two miles unpollinated ovaries per genotype were approximately used. The Petri dishes were sealed and maintained in incubator in the dark [20] at 27°C
. Calli were regenerated in the differentiation medium at 25°C, 16 h light/8h dark photoperiod and light intensity of 80-100 mE m À2 s À1 . Thereafter, calli with emerging shoots were placed on development medium and maintained in the same conditions of regeneration. After regeneration, the cultures were transferred into beakers containing 125 ml of development medium and grown to plantlets [14] .
Chromosome count and chromosome doubling
Systematic checking of ploidy level by chromosome count was released according to Jahier et al. [21] protocol to distinguish the haploid plantlets whose chromosome stock was spontaneously doubled. In order to double the chromosome number, the obtained plants by unpollinated ovaries culture were treated at 2-3 leaves stage by soaking their roots in a colchicine solution (0.1%) for 4 h. After checking ploidy level, the treated plants were transferred in pots (sand: peat, 2:1) and placed in the growth chamber at 25°C ± 1°C, 16 h light /8h dark photoperiod and light intensity of 350-450 mE m À2 s À1 .
Gynogenetic parameters
Five gynogenetic parameters were determined as follow:
% induction ¼ ½number of induced ovaries = number of cultured ovaries Â 100
% differentiation ¼ ½number of calli = number of induced ovaries
% green shoots ¼ ½number of green shoots = number of induced ovaries Â 100: Table 1 List of used durum wheat genotypes.
Genotypes Name The experiment was performed with five replicates for each treatment. In this study, the question was raised concerning the possible correlation between the percentage of haploid plantlets and the percentage of induction, calli and green shoots. The percentage of haploid plantlets was chosen to avoid the toxic effect of colchicine inducing plant mortality.
Statistical analysis
All experimental data were subjected to analysis of variance (ANOVA) using the SPSS statistical software (16.0) (SPSS for Windows, 2007, Chicago, USA). Means of the different agronomic and gynogenetic parameters were compared by Least Significant Difference (LSD) test (P < .05). A Pearson's correlation was used to determine the relationship between agronomic traits. A principal component analysis (PCA) was carried out to study distribution of the different durum wheat genotypes based on the tested agronomic parameters. This analysis was made using statistical software XLSTAT 2003 version 5.2. A linear regression analysis was also performed between the percentage of haploid plantlets and the percentage of induction, calli and green shoots in order to establish their mutual relationship.
Results
Performance of wheat genotypes under salt stress conditions
Analysis of variance (ANOVA) showed highly significant (P < .01) effect of genotypes (G) on all tested agronomic traits and a significant effect (P < .05) on LA ( Table 2 ). All measured parameters were also highly and significantly (P < .01) affected by the variation of water irrigation among sites (S). Interaction S Â G had significant effect for the most traits (e.g. PLH, NS, TKW and GY). Overall, the agronomic parameters of improved varieties cultivated in Barrouta (4.2 g l À1 ) were reduced as compared to those of Echbika (2.2 g l À1 ) (Table S2) . For wheat landraces, LA, NS, NKS, TKW and GY obtained in Barrouta were also reduced as compared to those of Echbika, while the PLH and Biomass were increased. Improved varieties still the most productive genotypes (GY), although they were affected by salinity.
Simple correlation between all the tested parameters showed that GY was highly and positively correlated with NS, NKS and TKW in both sites (Table 4 and 5). The PLH showed also a high and positive correlation with LA and Biomass. In most cases, GY and its components (NS and NKS) exhibited significant negative associations with PLH, LA and Biomass.
The distribution of genotypes and agronomic traits was performed on the main plan of the PCA formed by the first two axes. For the Echbika site, these axes presented 65% of the total variability (Fig. 1A) . The PCA 1 was positively correlated with NKS, NS, TKW and GY, and negatively correlated with PLH and Biomass. However, the PCA 2 was weakly correlated with these parameters (Table 3) . Three groups of genotypes with differential sensitivities to salt stress were identified. The first group contained improved varieties including Khiar, Om Rabia, Razzek, Nasr, Karim and Maali. These genotypes were separated from the landraces based on high grain yield and its components (i.e. NKS and TKW) and a low straw yield (PLH) (Fig. 1A , Table S2 ). The second group included Mahmoudi, Bayadha and INRAT 69 genotypes that were moderately productive. The last group presented the remains of wheat landraces with low grain production and a large straw yield. For the Barrouta site, the PCA 1 and PCA 2 presented 61% of the total variability (Fig. 1B) . The GY and NKS still significantly correlated with the PCA 1 (Table 3) . However, NS and TKW became weakly PLH, plant height; LA, leaf area; NS, number of spike per meter square; NKS, number of kernels per spike; TKW, thousand kernels weight; GY, grain yield. * P < .05. ** P < .01. *** P < .001. Fig. 1 . Distribution of the tested agronomic traits and durum wheat genotypes, cultivated in Echbika (A) and Barrouta (B) sites, on the main plane of PCA. PLH, plant height; LA, leaf area; NS, number of spike per meter square; NKS, number of kernels per spike; TKW, thousand kernels weight; GY, grain yield.
correlated with this axis. In fact, salinity reduced tillers fertility and grain filling. The PCA 2 became strongly correlated with NS, Biomass and LA parameters. In these conditions, four groups were identified. The first group included improved varieties, Maali and Om Rabia. These genotypes were distinguished by their tolerance to salinity and still among the most productive genotypes (Fig. 1B , Table S2 ). The same group included wheat landraces, Mahmoudi and Hmira that became strongly correlated with yield parameters. Nevertheless, Khiar, Razzek, Nasr and INRAT 69, negatively correlated with the Biomass, PLH and LA traits, formed the second group. The third and the fourth groups were mainly constituted by wheat landraces (e.g. Jneh Khotifa, Arbi and Swebei Algia) which proved as the most stable genotypes in term of salinity tolerance and kept their production level.
Doubled haploid lines regeneration
The evaluation of the gynogenetic ability was based on five successive phases: induction, differentiation, development of green shoots, regeneration of haploid plantlets and production of DH lines phases.
Stages of unpollinated ovary culture
After fifteen (15) days of culture on induction medium in darkness, enlarged ovaries were obtained ( Fig. 2A) . Calli structures were developed after six weeks on differentiation medium (Fig. 2B) . Thereafter, green shoots were observed from callus transferred on development medium after light exposure (Fig. 2C) . Haploid plantlets were regenerated in the same conditions (Fig. 2D) . DH lines (Fig. 2G) were recovered after chromosome doubling by 0.1% colchicine (Fig. 2F) . A check of the ploidy level was made on haploid ( Fig. 2E) and DH plants after the colchicine treatment (Fig. 2H ).
Genotypic effect
The ANOVA showed significant variations between genotypes for the gynogenetic parameters (P < .05), except the green shoots (P = .146) and DH plants (P = .931) (Table S3 ). Both Hmira and Razzek showed the highest induction rates with 71% and 55.7%, respectively (Fig. 3A) . However, Razzek were the most efficient genotype for the development of calli (23.8%) followed by Hmira (18%) (Fig. 3B) . Hmira (7%) presented the best rate of green shoots followed by Karim (6.2%) (Fig. 3C) . On the other hand, Hmira and Khiar showed the highest percentage of regenerated haploid plantlets (3.1% and 2.9% respectively) (Fig. 3D) . Finally, Khiar and Hmira exhibited the highest percentage of DH plants (0.8% and 0.7% respectively) (Fig. 3E) .
The results indicated a non-significant and negative correlation between the percentage of haploid plantlets and the percentage of induction (r = 0.02; P = .924), (Fig. 4) . However, a significant and positive correlation between the percentage of haploid plantlets and the percentage of calli (r = 0.49; P = .044) and green shoots (r = 0.64; P = .001) were obtained.
Discussion
In normal conditions (i.e. salinity of 2.4 g l À1 ), the improved durum wheat genotypes (e.g. Khiar, Om Rabia, Razzek, Nasr, Karim and Maali) showed a better responsiveness to good irrigation water quality as compared with landraces (Table S2) . Implementation of stress condition (i.e. salinity of 4.2 g l
À1
) caused haying off; that is, it decreased grain yield and its components. Similar findings were reported by Díaz De León et al. [8] and Yousfi et al. [22] . In our conditions, the NKS was the most sensitive trait. This result was also in agreement with previous reports on durum wheat [23] and bread wheat [24] . The decrease in grain yield across saline site might be explained by the decrease of NS and the number of fertile spike per plant, which could also affect the number of kernels per area and the thousand kernels weight. In fact, El-Hendawy et al. [24] and Abbassenne et al. [25] showed that salinity might reduce the fertility of the spike and the translocation of assimilates to the grain in bread wheat and barley.
The present research showed that the tested genotypes exhibited a differential response to salinity. The improved varieties still clearly outyielded the landraces regardless the salinity conditions. Interestingly, the wheat landraces, Mahmoudi, Hmira, and improved varieties, Om Rabia and Maali were distinguished by a large adaptation to different quality of irrigation water (2.4 and 4.2 g l À1 ), (Table S2 , Fig. 1 ). Genotypes including Jneh Kotifa and Arbi seem to be a stable genotypes under adverse conditions.
In both sites, the relationships between GY and yield components (NS, NKS and TKW) was positive. The NS and NKS were better associated with GY than TKW, as previously reported by del Pozo et al. [26] in full irrigation and water stress conditions. In the same conditions, PLH, LA and Biomass were positively correlated. Increasing LA is known as one of the ways to increase the light interception capacity of a crop and biomass production [27] .
The GY and its components, however, were negatively associated with growth traits (PLH, LA and Biomass). Indeed, improved varieties of durum wheat showed lower biomass and PLH than landraces. Meanwhile, NS, NKS, TKW and GY were higher in the improved varieties compared to the landraces. This is might be explained by the introduction of semi-dwarfing genes Rht during the breeding programs. These genes reduce cell elongation with subsequent plant height reduction to avoid lodging risk and to increase the grain yield and its components, especially number of spikes per plant and number of kernels m À2 [28, 29] .
Our results suggest that growth traits (Biomass, LA or PLH) and grain yield may respond differentially against stress in wheat genotypes as mentioned in other studies [30, 31] . Therefore, the phenotyping of these parameters (i.e. green biomass, LA and PLH) cannot be used as a general approach to predict grain yield.
The performance of salt-tolerant genotypes (e.g. Jneh Khotifa and Hmira) with high-yielding genotypes (e.g. Karim, Razzak and Khiar) for the regeneration capacity of DH lines by gynogenesis were assessed. All the tested genotypes showed no recalcitrance and regenerated a DH lines. A genotypic variation was observed for the tested parameters except for the green shoots and DH plants regeneration (Table S3, Fig. 3) . Generally, the wheat landrace Hmira and the improved variety Khiar showed the best gynogenetic capacity. Similar pattern was also obtained in barley [20] and durum wheat [13, 32] by gynogenesis or intergeneric wheat x maize crosses [33] . Altogether, the results confirming that DH lines regeneration is controlled by genetic factors.
This work showed that genotypes with good induction capacity have not necessarily a good capacity of haploid plantlets and DH plants regeneration and vice-versa (Fig. 4) . In fact, Karim showed good induction while the rates of haploid and DH regeneration were low. On the other hand, Khiar presented, despite its low rate of induction, a good capacity of haploid and DH regeneration. The percentage of differentiated callus seems to be a determinant parameter of haploid and DH plants regeneration. Nevertheless, many other factors might affect this regeneration rate, in particular the culture conditions of donor plants in the field. In fact, Chlyah and Saidi [34] and Jacquard et al. [35] reported the impact of environmental factors: the date of collection of plant material, the effects of annual cycle and spike position on the androgenetic response of genotypes grown in the field. Moreover, the stage of ovary culture, the pretreatment [36, 37] , the chromosome doubling technique [28] , and the culture medium of induction and regeneration [38] [39] [40] showed an evident relevance in the regeneration process. The low frequency of DH plants as compared to the haploid plantlets and the absence of significant differences between genotypes might be also due to the toxic effect of the colchicine [41] . In conclusion, the efficiency of gynogenesis protocol seems to be valuable for a wide range of genotypes. Further work is needed to optimize the gynogenetic ability of durum wheat by acting on other factors (e.g. pretreatment). Furthermore, it will be interesting to combine the performance of salt-tolerant genotypes with high-yielding genotypes and to be fixed by gynogenesis.
